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The missing correlation between film characteristics and a-Si:H-based p-i-n solar cells is still a
controversial subject. The authors present a new parameter m0t0, evaluated from steady-state
transport measurements on a-Si:H layers, which can indeed relate film quality and cell performance
as far as the latter is limited by the quality of the intrinsic ^i& layer. Thereby, two specific features
of the evaluated m0t0 product can explain its successful role as a quality parameter for a-Si:H: First,
the computation of m0t0 takes into account the effects of the prevailing dangling bond occupation,
which is very different in uniform films as compared to the occupation profile prevailing through the
i layer of a p-i-n solar cell; second, the evaluated m0t0 product combines information about band
mobility and defect density; furthermore it avoids some of the well-known pitfalls of usual deep
defect density measurements such as constant photocurrent method and photothermal deflection
spectroscopy. Experimental data on a series of layers and p-i-n solar cells illustrates the
determination of m0t0 in a given practical case and its successful correlation with cell efficiency. In
this context, an estimation for the ratio of charged to neutral capture cross sections s6/s0 of around
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150 is found.I. INTRODUCTION
The extensive knowledge about the physics of a-Si:H
material gained in recent years through research in the field
of material characterization has, so far, not really succeeded
in improving a-Si:H-based solar cells. On the contrary, a
lack of correlation between the characteristics measured on
a-Si:H films and the performances of solar cells made of
these materials persists.1–3
The aim of the present article is to show that such a
correlation can indeed be found. Choosing from a multitude
of parameters and characterization methods, the authors
show that a particular mobility-lifetime product m0t0 can
successfully be used as a parameter for comparing a-Si:H
layers and solar cells. Physically, this new product of band
mobility ~m0! 3 capture time ~t0! corresponds to the value
that the mt product ~measured in an a-Si:H layer! would take
if all defects in the material were neutral.
Thereby, several important aspects account for our
choice of this specific product m0t0 as a correlation param-
eter between layers and solar cells. First, the product m0t0 is
independent of dangling bond occupation. As the prevailing
dangling bond occupation in an a-Si:H film has little in com-
mon with the strongly inhomogeneous distribution of dan-
gling bond charge through the intrinsic layer of a p-i-n solar
cell ~related to the internal electric field!, this is a necessary
condition. Second the product m0t0 combines information
about defect density and band mobility; this is a definite
advantage over the usual measurements on the deep defect
density alone. Third the product m0t0 is closely related to the
performances of a-Si:H-based solar cells, as far as the latter
is controlled by the quality of the intrinsic layer. Last, but not
least, the evaluation of m0t0 does not suffer from the known
drawbacks of deep defect density measurements, namely, the
limitations in photothermal deflection spectroscopy ~PDS!4
and constant photocurrent method ~CPM! ~the latter mainlyin the case of intrinsic or p-type samples!.5–7
As normally both neutral and charged defects exist in
a-Si:H material, the value of m0t0 is generally masked and
cannot be measured directly. Nevertheless, and this repre-
sents an important point here, we show that this correlation
parameter m0t0 can be deduced by combining steady-state
photoconductivity ~SSPC! and steady-state photocarrier grat-
ing ~SSPG! measurements. In the framework of the mono-
molecular recombination model via dangling bonds, we
present an ‘‘easy to use’’ procedure for evaluating the value
of m0t0 from experimental data. The validity as well as the
limits of the method is also discussed in Sec. II F.
In Sec. IV of this article we present the results obtained
by applying our procedure to different series of undoped
a-Si:H layers of variable quality, the latter being modified by
changing the deposition temperature and by degrading the
material. Thereby, we compare the m0t0 products evaluated
on these films with the performances of standard p-i-n solar
cells which incorporate the ‘‘same’’ undoped material ~i.e.,
material obtained using the same deposition parameters! as
an active, intrinsic ^i& layer. The correlation between m0t0
products evaluated on films and the conversion efficiencies
of the corresponding solar cells are discussed.
II. THE EVALUATION AND USE OF m0t0 PRODUCTS
IN a-Si:H
mt products are commonly used for the characterization
of transport properties of a-Si:H layers. These mt products
are band mobility 3 recombination time products ~when
evaluated from steady-state measurements! or band mobility
3 deep-trapping time products @i.e., in the case of time-of-
flight ~TOF! measurements#; however, in both cases they
strongly depend on the prevailing dangling bond occupation
in the film.8–10 As the charge state of these deep defects is
not a material constant but significantly varies with inten-
tional or unintentional doping or with illumination, the re-
sults obtained by these techniques describe correctly the
properties of the measured film, but do not give correct in-
formation about the behavior of the same material in a p-i-n
solar cell, where the distributen of charged dangling bonds is
related to the internal electric field. Therefore, a mt product
~we call it m0t0! that is independent of the charge state of
deep defects is more adequate to describe the properties of
both films and cells. In this section we show how m0t0 can be
evaluated from SSPC and SSPG measurements. A short de-
scription of this approach has already been presented
elsewhere.11
For our analysis we will consider a-Si:H material at
room temperature and under steady-state illumination, where
the precise energetical position and distribution of the dan-
gling bond states have virtually no influence and where the
thermal emissions from deep defects as well as recombina-
tion by band-tail states can be neglected. In this domain, the
model of bimolecular recombination through dangling
bonds12,13 is valid: Free carriers only recombine through the
dangling bond states. In this case, the charge state of dan-
gling bonds will, thus, exclusively be determined by the re-
combination kinetics of electrons and holes.
Consequently, the recombination traffic of electrons
~monitored by SSPC! and holes ~monitored by SSPG! are not
independent of each other, but they are related via the den-
sity and charge state of their common recombination centers,
the dangling bond states. Experimentally, this fact can be
observed as an anticorrelated behavior of electron and hole
transport properties.10,9 For the evaluation of m0t0, we take
advantage of this fact. Under steady-state conditions, where
the above-mentioned conditions are valid, this link between
electron and hole mt products can be expressed analytically.
This makes it possible to work out the influence of the dan-
gling bond occupation on the experimentally measured mt
products. From there on, simple mathematical manipulation
leads to the evaluation of the dangling bond independent
m0t0 product.
A. Definition of the correlation parameter m0t0
The correlation parameter for a-Si:H layers and solar
cells is defined as a band mobility ~m0!3 capture time ~t0!
product. As already mentioned, it represents the value which
the measured mt product would take if only neutral dangling
bonds existed in the material ~indicated by the superscript 0
of the parameter t0!. Thereby, we assume that m0t0 is equal
for electrons and holes,
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This simplification can be justified on the basis of earlier
TOF measurements performed by us, on compensated ~fully
intrinsic, i.e., ‘‘midgap’’! a-Si:H samples, as well as on de-
graded a-Si:H samples.9,14 In these two cases, we have rea-
son to assume that almost all dangling bonds in the material
are neutral and, consequently, the experimentally measured
mt products approach the stated ‘‘dangling bond charge in-
dependent’’ m0t0 product for both carriers, electrons, and
holes. The TOF measurements just cited9,14 revealed experi-
mentally that mn0tn0 and mp0tp0 are almost equal:mn
0tn
0/mp0tp0'1.2. ~The values mn0tn0/mp0tp053–5 given in our
earlier articles are wrong; they were incorrectly deduced
from the correct experimental data.! Note that in the particu-
lar situation where no charged dangling bonds exist in the
material, the mt products obtained by TOF experiments and
by SSPC/SSPG are equivalent.9,14
This experimental result is also comprehensive from ba-
sic physical considerations: In a given a-Si:H layer, the car-
rier with higher velocity ~electrons! has an enhanced mobil-
ity, but also a proportionally reduced capture time compared
to the carrier with lower free carrier velocity ~holes!. This
leads, thus, to the same m0t0 product for holes and electrons.
B. Photoconductivity (SSPC) and steady-state
photocarrier grating (SSPG)
As described above, the m0t0 product is evaluated from
the results which can be obtained from SSPC and SSPG
measurements. In these measurement techniques, a steady-
state situation between generation and recombination of free
carriers is achieved by illuminating the sample. Details on
the experimental methods can be found elsewhere ~e.g.,
Refs. 15 or 16!. As is well known and widely accepted, the
measured photoconductivity sph ~from SSPC! and ambipolar
diffusion length Lamb ~from SSPG! can be connected to mt
products using the following ~or equivalent! expressions:
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where mn0tnR and mp0tpR are band mobility 3 recombination
time products for electrons and holes, respectively; kT is the
thermal energy, e is the elementary charge, and C is a con-
stant having a value between 1 and 2 ~Ref. 17!.
Additional information about the n or p-type character
of a material can be gained by combining both Lamb and sph
through a parameter b , which reflects the position of the two
quasi-Fermi levels EFn and EFp with respect to the midgap.
Introduced in Ref. 16, the parameter b is defined as
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The parameter b can be deduced using either the above defi-
nition ~4! ~for extrinsic material! or the following expression
@deduced from Eqs. ~2! and ~3!#:
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Under steady-state illumination ~with the mentioned condi-
tions! the recombination times for electrons and holes in the
expressions ~2! and ~3! can be written as
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where v th is thermal velocity, Ndb is the deep defect density,
sn
0
,sn
1
,sp
0
,sp
2 are the capture cross sections of the dangling
bonds, and f 0, f2, f1 are the dangling bond occupation func-
tions. The latter can be expressed in the following simple
form:12,13
f 05 1
~p f /n f !~sp
0/sn
1!111~n f /p f !~sn
0/sp
2!
, ~8!
f25 ~n f /p f !~sn
0/sp
2!
~p f /n f !~sp
0/sn
1!111~n f /p f !~sn
0/sp
2!
, ~9!
f15 ~p f /n f !~sp
0/sn
1!
~p f /n f !~sp
0/sn
1!111~n f /p f !~sn
0/sp
2!
. ~10!
Note that, thanks to the steady-state illumination, f 0, f2, and
f1 exclusively depend on the free carrier density which is
monitored by the sph and Lamb measurements. The influence
of the dangling bond occupation on mt products can thus be
evaluated without involving any further experimental
method ~other than SSPC and SSPG!.
C. Evaluation of the product m0t0 from SSPC and
SSPG measurements
Combining the different elements ~2!–~10! of Sec. II B
one can deduce a simple relationship between the experi-
mentally determined quantities ~sph , b! and the correlation
parameter m0t0,11
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In Fig. 1 the magnitude of the correction factor z ~for given
ratios sn0/sn1 and sp0/sp2! is plotted as a function of the
parameter b . Some typical ranges for the value of the param-
FIG. 1. Calculated magnitude of the correction factor z for experimental
m0tR products deduced from photoconductivity ~see below! with different
values of the parameter b; the correction factor z is used in order to obtain
the new ‘‘quality-related’’ m0t0 products. The box indicates the different
ratios of capture cross sections sn1/sn0 and sp2/sp0 used for this calculation.
In the horizontal axis, some typical experimental values of the parameter b
for undoped, degraded, and slightly doped a-Si:H layers are indicated.eter b are also indicated.From the same figure one can see that only for truly
intrinsic material ~Fermi energy level near midgap!, with b
close to unity, the correction factor z is approximately 1.
This means that only for these particular a-Si:H materials
~i.e., degraded or ‘‘compensated’’ a-Si:H! the measured
value of the photoconductivity sph directly monitors the film
quality and can be used to correlate layer properties with
solar cells. In all other cases where the investigated a-Si:H
layer exhibits a certain extrinsic behavior ~b substantially
different from 1!, the measured measured value of the pho-
toconductivity does no longer monitor material properties
and the correction factor z must be evaluated with the help of
the measurement of Lamb . The undoped, but slightly n-type
a-Si:H material produced by standard glow discharge ~GD!
deposition techniques typically fits ~in the annealed state!
into this second category and one can show for this material
that the m0t0 product becomes proportional to Lamb . Note,
however, that with nonstandard deposition techniques such
as hot-wire deposition or GD with hydrogen dilution the
Fermi level of the resulting layers may vary in a large range;
therefore, special care has to be taken.
D. Estimation of the ratio of the capture cross
sections
Up to now we have presented a simple evaluation
method for the the correlation parameter m0t0; however,
there is one problem which remains to be solved before m0t0
can be easily used in practice: The ratios of the capture cross
sections sn1/sn0 and sp2/sp0 which appear in our Eq. ~11! are
not very well known. The values given in literature vary
between 1.8 ~Ref. 18! and >100,19,20 and are still a subject of
discussion. As it is this value that defines the limits between
midgap material and extrinsic a-Si:H, we address this sub-
section to the estimation of the ratio of capture cross sec-
tions.
We performed two different experiments on 2.2–3.8-
mm-thick a-Si:H layers: We measured the variation of m0t0
with light soaking and with low level doping ~‘‘microdop-
ing’’!. Assuming the m0t0 product to be proportional to 1/Ndb
~i.e. the band mobility is not substantially changed by doping
or degradation21!, one can deduce from these experiments an
approximate ratio of the capture cross sections. The samples
used for these measurements were produced by the very high
frequency glow discharge ~VHF-GD! deposition technique
~70 MHz!22 on glass substrate ~Corning 7059! and provided
with two coplanar aluminium contacts of 0.5 mm gap
spacing.
1. Microdoping
It is a well-documented fact that even slight doping dra-
matically changes the transport properties of a-Si:H layers,23
i.e., a steep increase of photoconductivity is observed. On the
other hand, the corresponding change in the deep defect den-
sity is much lower and has experimentally be found to follow
a 1/A@dopant#/@SiH4# law23 and, according to the above ar-
gumentation, also the m0t0 product evaluated on a series of
a-Si:H samples should reproduce this 1/A@dopant#/@SiH4#
dependency for a correctly chosen ratio of capture cross sec-
3tions ~see Fig. 2!.
which was estimated to be 50.For p-type samples, a 1/A@dopant#/@SiH4# behavior can
only be obtained if the ratio sn1/sn0 is adjusted to around 50
~with a tolerance of about a factor of 2!. On the other hand,
for n-type samples, even a very slight doping pushes the
Fermi level far away from midgap which results in almost all
dangling bonds being doubly occupied ~D2!. Consequently
the ratio of capture cross sections sp2/sp0 is not a critical
parameter, in this case, and no information about it can be
deduced from such n-type samples.
2. Light soaking
For the light soaking experiment, an undoped but ini-
tially slightly n-type a-Si:H layer was stepwise degraded
with a Krypton laser ~l5647 nm! at a power density of
about 100 mW/cm2. After each step SSPC, SSPG, and CPM
were measured ~Fig. 3!. The very initial part of degradation,
which was accompanied by a decrease of dark conductivity,
was omitted as it was shown that CPM may not measure
correctly the absorption spectra in this case.5,6 While degrad-
ing further, the dark conductivity remained constant and the
absorption at 1.2 eV was then used as a monitor for the deep
defect density. Then, the mutual change of mt products de-
duced from SSPC and SSPG measurements was fitted with
different values for the ratio of capture cross sections sp2/sp0
and, thereafter, the resulting m0t0, which is expected to de-
crease proportionally to the increase of aCPM ~1.2 eV!, was
evaluated. The best fit with a m0t0 proportional to 1/aCPM
~1.2 eV! ~see Fig. 3! was obtained for sp2/sp0'50 ~with a
tolerance of about a factor of 2!.
As previous work had shown that CPM does not cor-
rectly measure the absorption spectra for slightly p-type
FIG. 2. Variation in the direct experimental products mn0tnR, mp0tpR, and of the
deduced quality-related m0t0 product as a function of low-level PH3 and
B2H6 doping. A ratio of capture cross sections sn1/sn0 and sp2/sp0 of 50 was
chosen for the plot. The 1/A@B2H6#/@SiH4# law is indicated by the dotted
lines.samples,5 no similar experiments were carried out for such
samples ~in order to find sn1/sn0!.
As a conclusion of this section, the two experiments of
microdoping and light soaking allowed us to make a rough
estimation of the ratios of capture cross sections of about
sp
2/sp0'sn1/sn0'50. This value will be used in Sec. IV of
this article.
E. About the practical use of m0t0
As shown in Sec. II C, the correlation parameter m0t0
can easily be evaluated for all types of a-Si:H layers from
SSPC and SSPG measurements, with the help of expression
~11!. However, the arguments of Sec. II D lead to a direct
FIG. 3. Variation of the direct experimental products mn0tnR, mp0tpR, and in the
corresponding quality-related m0t0 products evaluated therefrom, for an un-
doped, 2.4-mm-thick a-Si:H film, as a function of the increasing deep defect
density, during the process of light soaking, the latter being monitored by
measuring CPM absorption at 1.2 eV. The best fit was obtained by using a
ratio of capture cross sections sp2/sp0550; the points marked by 3 indicate
the corresponding m0t0 product ~for sp2/sp0550! which is now almost pro-
portional to 1/aCPM ~1.2 eV!.
FIG. 4. Variation in the value of the parameter b with light-induced degra-
dation for the two temperature series ~circle and squares! of undoped layers:
While in the annealed state almost all materials are shown to have a slightly
extrinsic character they all become truly intrinsic ~midgap! with light soak-
ing. The limit between extrinsic and truly intrinsic is given ~according to our
above definition, see Table I! by the ratio of capture cross sections s6/s0,
4
recipe for the practical use: When optimizing undoped, but
slightly n-type, a-Si:H for solar-cell applications, we must
focus ~in the annealed state! on an improvement of Lamb
rather than of sph . Such a correlation between Lamb and solar
cell initial ~undegraded! performance has indeed already
been observed by Li et al.24 On the other side, in the de-
graded state when b becomes close to 1, the photoconduc-
tivity becomes the correct parameter to describe the quality
of a-Si:H layers and, thus, should be used to correlate layer
properties with stabilized ~degraded! solar cell performances.
Nevertheless, one should always take the precaution to check
that the material has really become ‘‘truly intrinsic’’ with
light soaking. The different situations where the expression
~11! can be simplified are assembled in Table I.
The new correlation parameter m0t0 may also be used to
obtain information about the relative stability of an a-Si:H
material during light soaking. Thereby, m0t0 must be evalu-
ated, both in the annealed as well as in the degraded state.
Assuming the band mobility to be unchanged by light
soaking,2 the ratio between the m0t0 products in the initial
and degraded states becomes an indicator for the increase of
the deep defect density,
~m0t0! initial
~m0t0!degraded
'
~Ndb!degraded
~Ndb! initial
. ~12!
F. Validity of the method and its limitations
One of the main points in favor of the evaluation proce-
dure of m0t0, as presented in Sec. II C, is its simplicity and
transparency, however, as several approximations were nec-
essary to obtain the final result ~11!, let us briefly discuss the
validity of the method and its limitations.
The basic assumption of the presented method for the
evaluation of the m0t0 product is the dangling bond recom-
bination model. Thus, the validity of our procedure is in
principle determined by the range of experimental conditions
for which the dangling bond recombination model is a valid
approximation. As the validity of the latter has been dis-
cussed by different authors ~e.g., Refs. 12, 13, 25!, it is not
repeated here. We just would like to stress the experimental
importance of using approximately homogeneously absorbed
light ~in our case l5647 nm! as well as of a careful choice
of the illumination intensity for the measurement of SSPC
TABLE I. Evaluation recipes for determining the product m0t0 in n-type,
p-type, and truly intrinsic a-Si:H. Note that under the assumptions intro-
duced here, evaluation of m0t0 is particularly simple once the character of
the layer is known. Thereby, the ratios of capture cross sections sn0/sn1 and
sp
0/sp2, as compared to the parameter b , play the role of a test criterion to
differentiate between intrinsic a-Si:H and material with a certain extrinsic
character.
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0and SSPG on layers.Furthermore, as the generally observed nonlinear depen-
dency of the photoconductivity on the generation rate ~for
undoped, but slightly n-type a-Si:H! cannot entirely be ex-
plained by the dangling bond recombination model, the
evaluated m0t0 in some cases also exhibits a slight depen-
dency on the illumination intensity ~power-law exponent be-
tween 0 and 20.3!. For the measurements reported hereafter
we always chose a small generation rate which still allowed
a correct measurement of the ambipolar diffusion length.
This condition was mainly given by a ratio of sphoto/sdark of
at least 20.
The ratios of capture cross sections determined in Sec.
II D are rough estimations and we considered them to be
constant for all samples studied here. They fix the limit be-
tween intrinsic and extrinsic material and thus play an im-
portant role. A more detailed consideration of this point,
however, would be desireable in future work.
On the other side, the rather far-reaching assumption ~1!
was mainly introduced by us in order to gain physical in-
sight. The equalization of mn0tn0 and mp0tp0 is basically not
necessary; omitting it would simply result in an additional
constant in the final result ~11!.
III. THE ROLE OF m0t0 PRODUCTS IN a-Si:H SOLAR
CELLS
It is conceptionally quite obvious that in the ideal case a
monotonous relation between m0t0 products and the corre-
sponding solar cell performances exists, i.e., that a material
with good band mobility and low defect density will lead to
a solar cell which well collects the photogenerated carriers.
On the other hand, to find a quantitative relationship between
the evaluated m0t0 product and the collection or the effi-
ciency of a solar cell is less straightforward because of the
rather complex structure and operation of a p-i-n device. In
the expressions used to describe the operation of a solar cell,
the band mobility and capture time generally do not appear
as a product but individually, which makes simple argumen-
tation difficult. However, in a simplified situation ~constant
electric field, majority of defects are neutral! a direct rela-
tionship between the m0t0 product and the collection x in the
solar cell can be established analytically.13
Also, a correlation between layer properties ~monitored
by m0t0! and solar-cell efficiencies can obviously only be
expected when the latter is governed by the quality of the
intrinsic layer. A multitude of other factors ~i.e., interface
problems, changed absorption properties due to modified
bandgap, varying thicknesses, different reflection properties,
etc.! can strongly influence the overall efficiency and in such
a case the quality of the intrinsic layer will loose its relative
importance. However, in these situations, a measurement of
the m0t0 product of the i layer can help to distinguish be-
tween problems related to the quality of the intrinsic layer
and other structural problems.
IV. CORRELATION BETWEEN m0t0 OF a-Si:H
LAYERS AND SOLAR CELL PERFORMANCES
Our dangling bond charge independent m0t0 product was
5mainly introduced with the aim to create a practical tool for
a-Si:H material optimization in view of solar cell applica-
tions. Thus, we compare in this section, experimentally,
layer properties and the performances of corresponding
p-i-n solar cells incorporating the same materials as intrinsic
layers. Thereby, the products m0t0 are employed to describe
the quality of intrinsic a-Si:H layers.
A. Experiment
Two series of pairs, each of them consisting of an a-Si:H
layer and a thin p-i-n solar cell, were produced by the
VHF-GD deposition technique;22 thereby, the deposition set-
point temperature was varied from 120 to 320 °C. In this
context, first an approximately 2.5-mm-thick, undoped
a-Si:H film was deposited on a glass substrate and provided
with two coplanar, ohmic aluminum contacts. Subsequently,
using the same deposition parameters, this a-Si:H material
was incorporated as an i layer ~thickness ' 0.6 mm! in a
standard p-i-n solar cell on glass coated by transparent con-
ductive oxyde ~TCO! ~Asahi type U!. Both cells and layers
were then annealed for 2 h at 180 °C.
The layers were characterized by transport measure-
ments ~SSPC and SSPG!, by PDS and by the CPM. For the
transport measurements ~SSPC and SSPG!, a Krypton laser
~l5647 nm! was used. Furthermore, the dark conductivity
and the optical band gap ~from Tauc’s plot! were deter-
mined. For the cells, the conversion efficiency h, the open-
circuit voltage Voc , the short-circuit current density isc , and
the fill factor ~FF! were evaluated using a two-source solar
simulator ~Wacom WXS-140S-10!.
The layers were light soaked during 4 weeks by a 6 sun
high-pressure sodium lamp @spectral maximum at 590 nm
with full width at half-maximum ~FWHM! of around 40 nm#
at 46 °C. The cells were degraded during 3 weeks by an
AM1.5 light source of 100 mW/cm2 ~array of Philips PL-L
24W/95/4P lamps! at 47 °C.
B. The annealed state
The results obtained in the annealed state, for both se-
ries, are recapitulated in Tables II ~layers! and III ~cells!.
In the annealed states, we plotted, as a first feature, the
value of the parameter b as a function of the deposition
temperature ~Fig. 4!. Thereby, assuming a ratio of s6s0550,
all deposited layers ~with the exception of the sample depos-
ited at 150 °C! fit into the category of extrinsic material and,
consequently, the measured transport properties need to be
corrected before the layer properties can be compared to the
solar cells. Furthermore, the n-type character of the layers
slightly increases with increasing deposition temperature.
The m0t0 products deduced for the two series of layers
~solid and open circles in Fig. 5! are almost constant for
temperatures above 220 °C but decrease steeply for lower
temperatures. A similar change with temperature is also seen
in the CPM absorption measurements ~calibrated by PDS
measurements!, a technique which was used by us to monitor
the deep defect density. Nevertheless, the deterioration of
transport quality ~as seen by the evaluation of m0t0! is much
stronger than the increase in deep defect density ~as seen by
CPM!.The solar cells incorporating these materials as i layers
show a similar strong decrease of performances for deposi-
tion temperatures below 220 °C ~Fig. 5!. On the other hand,
the cell efficiencies also deteriorate for higher deposition
temperatures. Nevertheless, at these high temperatures inter-
diffusion problems may become important and even domi-
nant in limiting cell performance. In accordance with this
hypothesis, the short-circuit current density j sc , which re-
mains high even at high deposition temperatures, does not
indicate any major deterioration of the intrinsic layer.
C. The light soaked state
The properties measured on layers and cells after light
soaking are listed in brackets in Tables II and III.
In the degraded state the values of the parameter b for all
films are strongly reduced and, according to our above defi-
nition ~with the limit between extrinsic and intrinsic films
given by a cross-section ratio of s6/s0550!, all a-Si:H lay-
ers have become ‘‘truly’’ intrinsic ~i.e., midgap! ~see Fig. 4!.
CPM measurements performed after degradation ~see Table
II! show, here again, a less-pronounced increase at low tem-
peratures compared to the deterioration of m0t0 products.
D. Correlation between layer properties and cell
performances
The correlation between the layer properties ~monitored
by our correlation parameter m0t0! and the solar cell conver-
TABLE II. Temperature series: Properties of 2.5-mm-thick a-Si:H layers in
the annealed state and in the degraded state ~latter in brackets!.
Tseta ~°C! b m0t0 ~cm2/V! aCPM ~1.2 eV!
120 64 ~8! 5.731028 ~2.431029! 0.9 ~24!
140 80 ~8! 8.931028 ~3.131029! 1.0 ~16!
150 46 ~15! 4.231028 ~6.131029! 1.4 ~6!
160 376 ~11! 1.231027 ~7.731029! 0.3 ~12!
170 136 ~20! 1.931027 ~1.631028! 0.9 ~6.5!
180 320 ~9! 1.731027 ~8.331029! 0.4 ~10!
200 303 ~13! 2.631027 ~1.831028! 0.2 ~12!
220 175 ~26! 3.531027 ~3.631028! 0.4 ~4!
270 355 ~19! 3.531027 ~4.831028! 0.4 ~3.5!
320 283 ~28! 3.631027 ~4.831028! 0.4 ~4!
aTset indicates the set-point temperature. Actual substrate temperature is
about 20 °C ~Tset5150 °C! to 60 °C ~Tset5320 °C! lower than the set-point
temperature.
TABLE III. Temperature series: Solar cell performance in the annealed state
and in the degraded state ~latter in brackets!.
T set of i layer h ~%! FF jSC ~mA/cm2! Voc ~V!
120 6.9 ~1.1! 0.60 ~0.30! 13.5 ~4.9! 0.850 ~0.786!
140 7.2 ~2.3! 0.65 ~0.35! 13.4 ~8.1! 0.825 ~0.796!
150 7.1 ~3.2! 0.55 ~0.37! 16.2 ~11.2! 0.788 ~0.787!
160 8.9 ~3.1! 0.66 ~0.38! 15.6 ~10.2! 0.859 ~0.816!
170 9.6 ~4.9! 0.65 ~0.46! 16.5 ~12.7! 0.852 ~0.828!
180 9.1 ~3.7! 0.69 ~0.41! 15.4 ~11.0! 0.855 ~0.830!
200 9.7 ~5.4! 0.71 ~0.48! 16.0 ~13.5! 0.851 ~0.826!
220 10.3 ~6.5! 0.67 ~0.52! 18.0 ~15.1! 0.848 ~0.835!
270 9.5 ~6.7! 0.65 ~0.54! 18.0 ~15.2! 0.827 ~0.821!
320 8.3 ~6.5! 0.60 ~0.52! 17.6 ~15.9! 0.781 ~0.785!
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sion efficiencies are plotted in Fig. 6. Additionally to the data
obtained in the annealed state, we also plotted the results
after degradation, even though the layers and cells were light
soaked by different light sources. Figure 6 must thus be in-
terpreted as composed by two parts: the correlation in the
annealed state ~solid symbols! and in the degraded state
~open symbols!.
The correlation obtained between the m0t0 products of
the layers and the efficiencies of the corresponding solar
FIG. 5. Correlation between the m0t0 products evaluated on a series of
2.5-mm-thick, undoped layers, on one side, and efficiencies of solar cells
incorporating the ‘‘same’’ material as an i layer on the other side; results are
given for both the annealed and the degraded state. The two cell efficiencies
for high-temperature deposition ~as marked by arrows! are presumably re-
duced due to interdiffusion problems.
FIG. 6. Correlation between m0t0 products evaluated on two series ~squares
and circles! of layers and the corresponding solar cell efficiencies in the
annealed and in the degraded state ~same data as in Fig. 5, but different
graphical representation!. Note that cells and layers were degraded differ-
ently and thus the graph must be considered to be composed of two inde-
pendent parts: annealed state ~solid symbols! and degraded state ~open sym-
bols!.cells is very good, especially for the degraded samples. As
for materials of poor quality ~i.e., low-temperature material
in the degraded state! the cell performances are mainly gov-
erned by strong recombination losses in the intrinsic layer, a
good correlation for those samples is obtained here. On the
other hand, for high-quality material with m0t0 typically
higher than 131027 cm2/V, the influence of other loss
mechanisms ~e.g., interdiffusion at high deposition tempera-
tures! gains importance and the cell performances are lower
than what could be expected from the quality of the incor-
porated a-Si:H material ~as measured by m0t0!.
Both in the annealed as well as in the degraded state, the
m0t0 products show a strong decrease with lower deposition
temperatures which can be seen only in a weakened form by
CPM deep defect density measurements. We attribute this
discrepancy to a lower band mobility in these low-
temperature films. In fact, the reduced values for electron
band mobilities in low-temperature a-Si:H have been re-
cently confirmed, for one series of samples discussed here,
using transient measurement techniques.26 One may be lead
to infer from the arguments used in Sec. II A ~to justify theo-
retically the equality of the two m0t0 products for holes and
electrons!, that in layers of different structural disorder m0t0
should only depend on the deep defect density ~and the cap-
ture cross sections! and not on the variation in band
mobilities,27 however, our experimental data do not confirm
such conclusion.
V. CONCLUSIONS
In this article we have presented and discussed in detail
a new method to deduce from experimental steady-state mt
measurements ~by the steady-state photoconductivity and
steady-state photocarrier grating techniques! more relevant
information about the quality of a-Si:H layers. To this end, a
new parameter called m0t0 has been introduced. This m0t0
product monitors the quality of the material in terms of band
mobility and deep defect density, it does not depend, as the
experimental mt products do, on the actual dangling bond
occupation ~charge state! prevailing in the measured sample.
The evaluation of m0t0 products on a series of undoped
and slightly doped a-Si:H films allowed us to estimate the
value of the ratio of dangling bond capture cross sections
s6/s0'50.
As the evaluated m0t0 product, containing information
about the band mobility and the defect density, is closely
related to the internal collection, and, thus, in principle, to
the efficiency of a-Si:H p-i-n solar cells, we propose that
one should in future use m0t0 products as a tool for material
optimization in view of improving the quality of the intrinsic
layer within p-i-n solar cells. Thereby—as presented in
Table I—the evaluation of m0t0 from experimental data be-
comes particularly simple in most cases: In all a-Si:H layers
with an extrinsic character material quality is monitored by
the ambipolar diffusion length Lamb , whereas in midgap
a-Si:H layers it is the photoconductivity which monitors cor-
rectly the material quality.
We have obtained a good correlation between the m0t0
products measured on a-Si:H films ~and evaluated in the
7manner described here!, on one side, and the performances
of solar cells incorporating the same material as an active ^i&
layer, on the other side. However, one has to keep in mind
the complexity of a solar cell device ~which includes doped
layers, contacts, interfaces!; thus, our new m0t0 product may
only be used to optimize solar cell performances as far as the
intrinsic layer is concerned.
A problem for further investigation is the possible an-
isotropy of a-Si:H layers. In fact, the evaluation of the m0t0
product is based on measurements done in a coplanar con-
figuration, whereas the p-i-n solar cell operates in a sand-
wich structure. For VHF glow discharge deposition of
a-Si:H from pure silane ~the deposition technique used for
the present article!, various tests have demonstrated that such
an anisotropy is negligible, either by time of flight28 or by
small-angle x-ray scattering ~SAXS!29 measurements. How-
ever, in layers and cells produced by rf or microwave glow
discharge under hydrogen dilution of silane, a pronounced
anisotropy is generally observed by SAXS measurements30
which could possibly lead to an anisotropy of the transport
properties. This, indeed, constitutes a problem which should
be addressed in the future.
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